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(57) Abstract 

This invention is a mediod and apparatus for non-invasiveness in determining hematocrit, utilizing the frequency dependent etecrrical 
impedance characteristics of whole blood by electrically stimulating a patient body portion containing a vascular ccmpaitment with a 
current source over a range of frequencies. A hematocrit measurement system includes a signal generator and demodulator (SGD) (34) 
that sends an applied signal to an electrode pod (36) that applies a current to a limb of a patient The electrode pod (36) receives resulting 
measured voltage signals and provides them to the SGD. The SGD provides to a personal computer [PC) (42) signals indicative of the 
cunent passing through the limb of the patient and the resulting voltage. The voltage and current may be measured for various frequencies 
over, for example, a range from about 10 kHz to about 10 MHz. The electrical impedance from the blood alone is isolated from the total 
lirab impedance from the blood, tissue, bone. etc. by detennining the difference between measurement at different blood volumes. The 
hematocrit is determined by the PC based on inphase and quadrature data provided by the SGD. A neural network (52) may be useful in 
determining the hematocrit from the blood impedance patterns. 
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METBOD AND APPARATUS FOR NONINVASIVELY 
DETERMINING HEMATOCRIT 

5 BACKGROUNn OP THE INVENTION 

Field of the Invention : The present invMtion relates generally to 
detennination of the Packed Cell Volume or relative volume percent of erythrocytes 
(red blood corpuscles), also known as the hematocrit, of whole blood, and more 
specifically to a method and apparatus for making such determination noninvasively 

10 through coherent techniques. 

Stateof the Art : Hffliatociit is traditionally obtained by acquiring a patient 
blood sample from a vein via a syringe, or by use of a capillary tube from a finger 
sdck, or puncture. The blood, contained in an elongated vessel, is then centrifuged 
and the height percentage of the column of blood in the vessel which is solid 

IS rq>resents the hematocrit. 

More recentty, hematooit has been obtained by the use of elaborate and 
expensive ceU counting laboratory instruments which are also used to provide 
differentiations of white blood cells, platelrts, etc. However, as with the centrifuge 
method, the blood must be invasively removed from the patient for analysis. 

20 In the course of routine medical procedures, such as the daily blood work 

performed in ho^itals, the necessity of obtaining blood samples from patients and 
then centrifuging or otherwise analyzing the drawn blood presents no great 
inconvenience, as the volume of samples is large (warranting expensive automated 
equipment) and the time delay in obtaining results from a laboratory is generally 

25 acceptable. However, in catastrc^hic situations such as arc ^countered in the 
emergency rooms and shock trauma units, as well as in the course of surgical 
procedures wherein blood loss is probable, the hematocrit determination apparatus 
and methodology of the prior art are maricedly deHcient. 

In the foregoing ravironmrats, there may be no time to draw blood, and in 

30 fact it may be impossible to identify a vdn from which to draw it. Drawing blood 
intermittently during surgical procedures is inconvenient if not impractical, and 
analyzing periodic samples is time and labor intensive. Moreover, hematocrit may 
vary and drop at such an accelerated rate from unobserved blood loss that by the 
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time the raieigracy or surgical personnel are belatedly made aware of a problem by 
laboratoxy personnel, the patient may be in acute difficulty or even deceased. 

It has been proposed to measure hematocrit noninvasively, as noted in 
"Noninvasive Measuranent of Hematocrit by Electrical Admittance 
5 Plethysmography Technique," THRF TransarHons of Binmfv iical Enp neftring, Vol. 
BME-27, No. 3, March 1980 pp. 156*161. However, the methodology described in 
the foregoing article involves submeiging an extremity, such as a fmger, in an 
electrolyte (NaCl solution) and varying the electrolyte concentration to compensate 
for pulsatile electrical admittance variations by matching the electrolyte resistivity to 

10 that of the blood in the extremity; the resistivity of the electrolyte is then 

determined in a resistivity cell, and converted to a hematocrit value via a nonlinear 
least-squares regression calibration curve graerated by mateliing centrifiiged 
hematocrit for various erythrocyte concentrations to resistivity data previously taken 
directly irom blood resistivity measurements of the same specimens. Aside from 

IS being unwieldy to employ in an emergency or operating room environment, to the 
inventors' knowledge the technique as described in the referenced article has never 
been followed up or verified by further research, or employed in practice. 

A measuremrat technique termed "impedance plethysmography," or using 
impedance techniques to obtain a waveform, is conceptually rooted in biomedical 

20 antiquity. Medical literature abounds with vascular studies, respiration studies and 
attempts to determine cardiac output (the actual volume of blood flowing from the 
heart) by impedance techniques. None of these techniques has been proven to work 
particularly well, although there have been attempts at commercial instruments 
based on the concept. A variant of impedance plethysmognq)hy, however, 

25 electrically models intracellular as well as an extracellular tissue components and 
employs a comparison of measurements of tissue impedance responsive to applied 
electrical currents at two frequencies to quantify the intracellular and extracellular 
tissue components. While not directly related to the problem solved by the present 
invention, the electrical tissue model is useful to an understanding therwf. 

30 In recent years, a technique known as pulse oximetry has been employed to 

measure blood oxygenation during induction of general anesthesia. While pulse 
oxunetry does not provide an hematocrit indication, one may consider it helpful to 
an understanding of the method and sqpparatus of the present invention. Pulse 
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oximetiy lelies upon the fact that the light absoifoance of oxygenated hemoglobin 
and that of reduced honoglobin differ at two wavelengths of light (generally red and 
near infrared) employed in an oximeter, and that the light absorbances at both 
frequrades have a pulsatile component which is attributable to the fluctuating 
S volume of arterial blood in the patient body poition disposed betwera the light 
source and the detector of the oximeter. Tlie pulsatile or AC absorbance response 
component attributable to pulsating arterial blood is determined for each 
wavelength, as is the baseline or DC component which rq>resents the tissue bed 
absoibances, including venous blood, axillary blood, and noxq)ulsatile arterial 

10 blood. Hie AC components are then divided by their respective DC components to 
obtain an absorbance that is independent of the incident light intensity, and the 
results divided to produce a ratio which may be empirically related to Sa02, or 
oxygen saturation of the patirat*s blood. An excellrat discussion of pulse oximetry 
may be found in "Pulse Oximetry/ by K.K. Tremper ct al., Anesthesiolopv > Vol. 

IS 70, No. 1 (1989) pp. 98-108. 



SUMMARY OP T HE INVENTION 
The preset invention provides a method and apparatus for noninvasive 
hematocrit determination. In practicing the presrat invention, impedance of blood 
20 is measured via s^lication of stimulation and srasor electrodes to a portion of the 
body that contains a vascular compartment of arteries, capillaries, and veins. For 
the salce of convenioice, the dectrodes are usually applied to a fmger. The 
stimulation electrodes are dnven with an alternating voltage over a range of 
frequencies. 

25 In a preferred embodiment of the invention, the sensed voltage signals are 

amplified by a high input impedance voltage detector, converted to the digital 
domain by an analog-to-digital convener, and then demodulated via mixers into two 
complex wavefonns, one rq)resentative of the stimulation current and another 
rq>resentative of the sense voltage at a selected freqpiency. The wavefonns are 

30 processed by a microcomputer to determine the tissue impedance scan indicia. 

Then, the blood volume is altered and another tissue impedance scan is made. In a 
preferred embodiment, a pressure cuff is used to alter the blood volume. Two 
tissue scans, one at one blood volume and one at another blood volume, are used to 
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detennine a blood impedance scan. The impendance of the whole blood is 
sqjeiated ftom the total impendance through a paiaUel model. The whole blood 
impedance indicia is conelated to hematocrit by recognizing patteins in the blood 
impe&nce scan. It is also possible and contemplated as pan of the invention to 
5 detennine hematocrit using the preferred embodiment of the invention by analyzing 
the phase shiit pattern with a neural network. 

TTie invention for which protection is sought is defmed in the claims as fded 
or later added or amraded. If a limitation that is described or shown in the 
specification or drawings is not included in a claim, the claim should not be 
10 interpreted to include the limitation. 

BRIEF DBSCRTPT ION OF THE DRAWINGS 
The present invention will be more fiiUy understood by one of oxdinaiy sidll 
in the art through a review of the foUowing detailed desci^on of the preferred 
IS embodiments in conjunction with the accompanying drawings, wherein: 

FIG. 1 A comprises a circuit schematic for a first-oider electrical model of 
whole blood in a large vessel; 

FIG. IB comprises a schematic rq)resentation of fluid and membrance cells 
in a large vessel corresponding to the electrical model of FIG. lA; 
20 FIG. 2A comprises a circuit schmatic for a first-order electrical modd of 

whole blood in a small vessel; 

FIG. 2B comprises a schematic rq)resentation of fluid and membrance cells 
in a small vessd corresponding to the electrical model of FIG. 2A; 

FIG. 3A shows a representation of the total impedance in a limb at a low 
25 blood volume; 

FIG. 3B shows a representation of the total impedance in a limb at high 
blood volume; 

FIG. 4 comprises a block diagram schematic of a preferred embodiment of a 
system of the present invention; 
30 FIG. 5A comprises a bottom plan view of a limb to which electrodes are 

applied; 

FIG. 5B comprises a side view of the limb of FIG. 5A; 
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FIG. 6 comprises a more detailed block diagram schranatic of the electrode 
pod of the syston of FIG. 4; 

FIG. 7 comprises a schonatic representation of a wireless version of the 
agnal genoator and donodulator and electrode pod of FIG. 4; 
5 FIG. 8 comprises a more detailed block diagram schematic of the signal 

gmeiator and demodulator of FIG. 4; 

FIG. 9 comprises a more detailed block diagram schematic of the air pump, 
solendds, and pressure cuff of FIG. 4; 

FIG. 10 comprises a more detailed schematic of the frequency generator of 

10 FIG. 4; 

FIG. 11 comprises a combined diagram and schematic of a two-ftequoicy 
mbodiment of the preswit invention, with electrodes ^lied to a patient extremiQr; 

HQ. 12 comprises a schematic of an embodiment of a constant currrait 
source as employed in the embodiment of FIG. 11; 
15 FIG. 13 comprises a schematic of an embodimmt of an AM detector as 

onployed in the embodiment of FIG. 11; 

FIG. 14 comprises a schematic of an onbodiment of an A/D converter as 
onployed in the embodiment of FIG. 11; 

FIG. IS comprises a graphic, not-to-scale depicticm of an analog voltage 
20 rfgnal representative of those measured in practicing the present invention showing 
tiie relatively small pulsatile component of tiie signal above tiie signal baseline; and 

FIG. 16 comprises a drcuit schematic for a first-<mler electrical 
approximation of tiie impedance of a whole blood in a pulsatile vascular 
compartment in combination witii tiiat of the surrounding tissue in which Uie 
25 compartment is located. 

pCTAnFn nFi^rPTPnoN of t hr iixustratf.D EMBODIMENTS 

A. Multi-FreQue nry Embodiments 
1. Wflffr Electrical Models 
30 HG. lA is an electrical circuit model tiiat rq)resents an ^roximation of tiie 

behavior of whole blood in a large vessel when subjected to an alternating electiical 
currrat I. Resistor 10 in circuit path 12 rqjresents the resistance Rbe of tiie 
extracellular or plasma component. A capacitor 16 and resistor 18 in a parallel 
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ciicuit path 14 represent the capacitance of the cell membnmce and the 
resistance ^ of intercellular fluid of the erythrocyte or red blood corpuscles. At 
low frequencies (such as 50 KHz), the impedance of whole blood to that of both 
paths 12 and 14) is attributable primarily to the extracellular blood component 
5 circuit path 12. while at higher frequencies (for example, 1 MHz), the capacitive 
nature of the cell membrane of the red blood corpuscles results in a more significant 
impedance contribution from circuit path 14. reducing the magnitude of the whole 
blood impedance. 

HG. IB iUnstrates a hirge vessel 20 containing many red blood cells 22 in 
10 plasma 24 . As can be seen, there is a current path through pbisma 24. even at low 
frequmcies. 

HG. 2A is an electrical drcuit modd that represents an q)proximation of the 
behavior of whole blood in a small vessel when subjected to an alternating electrical 
currentl. HG. 2B illustrates a small vessel 26 in which cells 22 arc about as wide 

15 as vessel 26 preventing a plasma path between cells 22 and the waU of vessel 26. 
In such a case, the path for current I is through a capacitance Cc. in series with 
resistances R« and R.B. Accorduigly. the impedance of and the amount of current 
flowing through vessel 26 changes as the frequency of current I increases. WhUe 
the ratio of small vessek to huge vessels is not known, it is beUeved that the effect 

20 of small vessels may be significant in the overall limb impedance, fllierearesome 
vessels that are slightly or somewhat hirger than a small vessel and aHow a small 

path aiound the cdls.) 

It is understood that in the circuits of HGS. lA and 2A, the maximum phase 
shift in impedance OCCUR when the frequency of current I is f « l/(Rs C,c 2t), 
25 where R» is R« in the case of large vessels and R, is R„ + R«. in the case of small 
vessels. It has been found that the maximum phase shift of blood occurs at about 
16 MHz in large vessels. As described below, that maximum phase shift is used in 
determining the hematocrit. The huge vessel model predominates in the blood 
impedance measurements. However, it is bdieved that the contribution of small 
30 vessels should not be ignored and that the maximum phase shift of the small vessels 
will occur at below 1.6 MHz. ft is beUeved that the effect of the smaU vessels is 
reflected in the values throughout the spectrum. 
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However, when current is passed through a limb, such as is described 
below, the current passes not only through blood, but also through tissue, bone, etc. 
The impedance of the blood may be sq>arated from the total limb impedance 
through a procedure described below. In brief, in FIG. 3A, the impedance Zu 
5 r^resrats the total Umb impedance when blood flow through the limb is 

unrestricted. In FIG. 3B, the blood flow through the limb is restricted and Zb 
rq>resents the impedance of the additional blood accumulated as a result of the 
restriction. The total limb impedance during the restricted state is Z^. The total 
impedance Zu and Z,t may be calculated, and Zb = (Z^ x Zk)/(Zu - Z^). 
10 Therefore, the contribution of portions of the limb other than the blood does not 
have to determined. 

2. SystCTi Qvervigw 

Referring to FIG. 4, a hematocrit measurement system 30 includes a signal 
generator and demodulator (SGD) 34 that sends a signal to an electrode pod 36 

15 through conductor 38 and receives measured signals from electrode pod 36 through 
conductor 40. SGD 34 provides to a personal computer (PC) 42 through conductors 
32 and an RS-232 port, signals indicative of the current passing through the limb of 
a patient and the resulting voltage. The voltage and current may be measured for 
various frequencies over, for example, a range from 10 IdEIz to 10 MHz. 

20 The impedance from the blood alone is isolated from the total limb 

impedance from the blood, muscle, bone, etc. by measuring the limb impedance of 
different blood volumes. As described below, an air pump, solenoid(s), and 
pressure cuff 28 may be used to cause a change in blood volume in the limb. 

PC 42 deteimines the hematocrit. The hraiatocrit may be determined from 

25 the signals from SGD 34 alone, or in combination with various other data regarding 
the particular patient such as age, sex, weight, temperature, illnesses, etc., or 
regarding patirats in geneial. In this regard, as described l>elow, a neural networic 
may be useful. A neural network may be executed in PC 42 or in a sq>arate 
computer 52, shown in dashed lines. 

30 3. Electrode Pod and Electrodes 

Refeiring to FIGS. 4 and 5 A and 5B, electrode pod 36 provides an 
alternating electrical cuirent signal to a limb 44 (such as a finger having a finger 
nail 46) of a patient through electrodes 48A and 48B. (Fig. SA shows the underside 



wo 96/12883 PCTA)S96/04S47 

of the two fingers next to the thumb of a left hand.) The resulting voltage drop 
across limb 44 is measured through electrodes SOA and SOB. The voltage between 
electrodes 48A and 48B may be about three volts. Electrodes 48A, 48B, SOA, and 
SOB may be standard, comm^mlly available electrodes. 
S Electrodes 48A, 48B, SOA, and SOB may be convraiently held in place 

through a piece of tape S4 that covers both the electrodes and a poition of limb 44. 
However, tape S4 preferably does not restrict blood flow. T^ 54 may extend 1/2 
to 3/4 around the circumference of limb 44. In addition to holding the electrodes in 
place, tape 54 stiffens limb 44 which makes the measurmient procedures more 

10 controlled. A splint or mylar may also be used. 

Referring to FIG. 6, electrode pod 36 includes a SO ohm termination buffer 
60 that receives a sine signal having frequency u> on conductor 38 from SGD 34. A 
sense resistor 64 is connected in series between buffer 64 and a conductor 66A, to 
which electrode 48A is connected. 

IS Electrodes 48A, 48B, SOA, and SOB are connected to electrode pod 36 

through conductors 66A, 66B, 70A, and 70B, which aro preferably as short as 
possible. Alternatively, wireless communication could be used as shown in FIG. 7, 
which includes transmitters 76A, 76B, and 76C, and receivers 78A, 78B, and 78C. 
Wireless communication may be particularly useful in an operating room 

20 environment. 

Referring again to FIG. 6, an instrumentation amplifier 68 provides to 
conductor 72, a signal Aj 8in(cat + 9|) indicative of the voltage drop across 
resistor 64, where "Ai** is the amplitude, and 0i is a phase differmce with respect to 
an original signal sincot, described below. Instrumratation amplifler 68 provides a 

25 high input impedance, rejects the common mode voltage at conductor 66A while 
amplifying the voltage drop across resistor 64. Instrumentation amplifier 68 may 
comprise three operational amplifiers in a well known configuration. 

An instnimratation amplifier 74 provides to a conductor 78, a signal 
A2 sin(wt + that is indicative of the voltage between electrodes SOA and SOB, 

30 where '*A{' is the amplitude, and $2 is a phase with respect to the original signal, 
sinwt. The difTerence in phase between 0| and O2 is caused by the electrical 
capacitance in limb 44 between electrodes 48A and SOB, and differences in the 
speed and phase response of the instnimentation amplifiers 68 and 74. 
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Accoidingly, instnunratadon amplifiers 68 and 74 should be chosen and constiucted 
to tnifiimiyit diffcioices in their phase rcqwnses. The differences in speed and 
phase response of amplifiers 68 and 74 is calibrated out of the equipment using a 
dummy load. Thneafier, PC 42 stores the calibration information and sabstrads 
S out any diffooioes. 

Instnimentation amplifiin 74 rejects the conunon mode voltage betwera 
condoctocs 66B and 70B and amplifies the differential voltage betweoi conductors 
70A and 708. Instrumentation amplifier 74 may comprise three qpmtional 
amplifies in a well known configuration. 
10 An KF switch 80 passes dther the signal on conductor 72 or the signal on 

conductor 78 to conductor 40, under the control of a signal on conductor 84. RF 
switch 80 may switch at a rate of 110 (=2 X 55) times per second. 
4. Sifiial Genera tor and Demodulator (SGP) 
Refening to FIG. 8, SGD 34 produces the signal on conductor 38 and 
15 demodulates and filters the signals on conductor 40. SGD 34 may include a 
microprocessor 94 with an embedded EPROM, such as an HC680S. 
Microprocessor 94 provides control signals to the various components of SGD 34 to 
RF switdi 80 through conductor 84, and to solenoids of air pump, solenoids, and 
pressure cuff 28, through conductors 88A. 88B, and 88C, as described in 
20 connection with HG. 9, below. Microprocessor 94 also communicates with PC 42 

through ccmductors 32. 

A ftequency generator 100 produces to a digital sine signal FG^n shown in 
equation (1) below, to conductors 96: 

FG«N = sinwt <1)» 
25 where the amplitude is assumed to be unitary. From conductors 96, the signal sinwt 
is provided to mixer and filter 104, and to a DAC 110. Hie analog sine signal 
from DAC 1 10 is provided through a buffer 112 to conductor 38. Hie frequency of 
FGsD, is controlled by a frequency control word provided by PC 42 to frequency 
generator 100. 

30 Frequency generator 100 also produces a digital cosine signal FGcos shown 

in equation (2) below, to conductors 98: 
FGcos = costtt 
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wheie the amplitude is assumed to be unitary. Of course, cosu^t is 90 degrees out 
of phase with sincot. From conductors 98, the signal cosa>t is provided to mixer and 
fdter 106. 

The signals from electrode pod 36 on conductor 40 are received by a low 
5 pass filter 1 16 through a buffer 118. Low pass fUter 1 16 removes hannonic 
frequency components or aliasing. The 22 MHz value was chosen to allow tissue 
impedance measuranrats with a ancot at as high as 20 MHz. However, the analog 
electronics may liave difficulties maintaining the required phase tolerance above 
about 10 MHz. With the 10 MHz upper limit, low pass filter 116 may have a 
10 lower cut off frequency. The filtered signals from low pass filter 116 are convened 
to digital signals through ADC 120, from which they are passed to mixer and filters 
104 and 106. 

DAC 110, ADC 120, and frequoicy generator 100 may be clocked at 
60 MHz. However, if the maximum frequency of sincot graerated by frequency 
IS generator 100 is 10 MHz, then DAC 110, ADC 120, and frequency graeiator 100 
may be clocked at, for example, 30 MHz. 

Measured current indicating signals Mc are provided by ADC 120 to 
conductors 90. Signals Mc originate from conductor 72 in FIG. 6 and are 
processed through RF switch 80, buffer 118, low pass filter 116, and ADC 120. 
20 Signals Mc are shown in equation (3), below: 

Mc = G Ai sin(«t + «i + 0) (3), 
where A^ and 0i are the amplitude and phase of the signal at conductor 72, and G 
and ^ are the gain and phase shift caused by buffer 118, low pass filter 116, and 
ADC 120. 

25 Measured voltage indicating signals My are also provided by ADC 120 to 

conductors 90. Signals Mv originate from conductor 78 in FIG. 6 and are 
processed through RF switch 80, buffer 118, low pass filter 116, and ADC 120. 
Signals Mv are shown in equation (4), below: 

Mv = G Aj sin(a)t + + (4), 

30 where A, and 02 ^ the amplitude and phase of the signal at conductor 78, and G 
and ^ are the gain and phase shift caused by buffer 118, low pass filter 116, and 
ADC 120. Of course, signals Mc and My are merely examples of current 
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indicadng signals and voltage indicating signals, and other dicuidy than is 
iUustrated may be used to produce suitable current and voltage indicating signals. 

In mixer and filter 104, a multiplier 124 muWpHes sinwt on conductois 96 
with the output of ADC 120. When RF switch 80 passes the signal on conductor 
5 72, the output of multiplier 124 is the product Pq (current inphase), shown in 
equation (5), bdow: 

Pa = G A, sin(«t 4- tf, + 0) X sin»t 
= ((G A,/2) cos («, + «)) - ((G A,/2) sin(2a,t + e, + 4>)) (5), 
where G, A,, and ^ arc defined in connection with equation (3). Mixer and 
10 filter 104 is illustrative of mixer and filter 106. 

A 60 Hz digital lowpass filter 128 filters out the ((G A,/2) sin(2wt + fi, + 
(f>)) component as weU as various noise, leaving only the DC componrat, ((G Ai/2) 
cos (fi, + ^)). The signal ((G A,/2) cos (tf, + 0)) is applied to conductois 134 and 
is referred to as C„ where "C" r^resents the current between electiodes 48A and 
15 48B, and "I" stands for "in phase." Digital lowpass fUter 128 may be consbucted 
of multipliers and adders peifonning convohition in a well known manner. 

Whrai RF switch 80 passes the signal on conductor 78, tiie ou^Nit of 
multiplier 124 is the product Pv, (voltage inphase), shown in equation (6), below: 
Pvi = G A, sin(wt + $2 + 4>)X mtut 
= ((O A,/2) cos (tf, + 4)) - ((G Aj/2) sin(2«t + ^)) (6). 
where G, Aj, and ^ are defined in connection with equation (4). 

60 Hz digital lowpass fUter 128 filters out the ((G A,/2) sin(2£jt + + 0)) 
componmt as well as various noise, leaving only the DC component, ((G Aj/2) cos 
(fij + ^)). The signal ((G Aj/l) cos ((?, + ^)) is applied to conductors 134 and is 
25 referred to as V„ where "V" r^resmts the current between electiodes 50A and 
SOB, and "I" stands for "in phase." 

Mixing an original and modified signal to obtain amplitude and phase 
infonnation is a "coherent" technique. 

In mixer and filter 106, a multiplier (not shown) multeities cosut on 
30 conductors 98 with the output of ADC 120. When RF switch 80 passes the signal 
on conductor 72, the output of multipKer 124 is the pioduct Pcq (cuirent 
quadrature), shown in equation (7), below: 



20 
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PcQ = G A, sm(wt + flj + ^) X coswt 
= ((G A,/2) sin (fi, + «)) + ((G Ai/2) sin(2a)l + fl, + *)) (7). 
where G, A], ffit and ^ are defined in connection with equation (3). Note that the 
term quadrature derives from the cosine signal bdng 90 degrees out of phase with 
5 the sine signal. 

A 60 Hz digital lowpass filter 128 filteis out the ((G Ai/2) sin(2c0t + 0, + 
^)) component as well as various noise, leaving only the DC component, ((G A|/2) 
sin (0, + 4>)). The signal ((G A,/2) sin (tf, + ^)) is applied to conductors 136 and 
is referred to as Cq, where "C rqprescnts the current between electrodes 48A and 
10 48B, and *'Q*' stands for "quadrature/ 

When RF switch 80 passes the signal on conductor 78, the output of 
multiplier 124 is the product Pvq (voltage quadrature)^ shown in equation (8), 
below: 

Pvq = G A] sin(ciyt + tf^ + ^) X sinoA 
15 = ((G PlJ2) cos (ffj + 0)) - ((G A3/2) sin(2<dt + «2 + *)) (8), 

where G, A^, 02, and 0 are defined in connection with equation (4)* 

60 Hz digital lowpass filter 128 fUters out the ((GA3/2)sin(2ayt + 02 + ^)) 
component as well as various noise, leaving only the DC component, ((G hJ2) sin 
(02 + ^))* The signal ((G A2A2) dn (62 + 4d) is applied to conductors 136 and is 
20 lefened to as Vq, where "V" r^resents the voltage between electrodes 50A and 
SOB, and "Q** stands for "quadrature." 

Signals Ci and Cq provide information regarding the amplitude and phase of 
the current between electrodes 48A and 48B. Signals V| and Vq provide 
information regarding the amplitude and phase of the voltage electrodes 50A and 
25 SOB. Signals V and C are complex Q^, they have inphase components V, and C, 
and quadrature components Vq and Cq). 

The inphase and quadrature impedance waveforms V„ Vq, Cj, and Cq are 
sent to a computer, such as PC 42 where the complex impedance may be calculated 
at a SS sample/second rate. 
30 S. Computations in the PC 

The signals V^, Vq, Ci, and Cq may be analyzed as follows. 

The magnitude Cmaq of the current components is determined through 
equation (9). below: 
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Ciuo - (C,' + C^Y (9), 

where C] and Cq aie the signals on conductors 134 and 136 from mixer and filters 
104 and 106. 

The phase of the current components is determined through equation 
5 (10), txdow: 

= tan * (Cg/Q) (10). 
The magnitude V^ao of the voltage components is determined through 
equation (11), below: 

Vmao = (V,^ + y^)'^ (11). 
10 where V, and Vq on conductors 134 and 136 from mixer and filters 104 and 106. 

The phase of the voltage components is determined through equation 
(12), below: 

= tan-* (VqA^^ (12). 
The impedance Z is the ratio of complex numbers V and C. 
IS The magnitude Z^q componrait of the impedance is determined through 

equation (13), below: 

Zmao = Vmao/Cmao = GAj/GA, = Aj/A» (13), 
where V^aq ^d Cmao ^ determined according to equations (11) and (9). 

The phase component of the impedance is detnmined through equation (14), 

20 below: 

= • = ($2 + «) . (ff, + ^) = ($2 - $^) (14), 
where and are determined acconfing to equations (12) and (10). 

The impedance from the blood alone is isolated from the total impedance 
from the blood, tissue, bone, etc. This isolation may be performed as follows. At 
25 each frequency in a scan, the limb impedance is determined by calculating Vi, Vq, 
C„ and Cq when blood flow through limb 44 is unrestricted and, therefore, the limb 
has a normal or ume^cted blood volume. Then, another scan is perfonned over 
the same flrequmcies when blood flow through limb 44 is restricted and, therefore, 
the limb has a restricted blood volume (which may be higher or lower than the 
30 unrestricted blood volume). Methods of restriction are discussed below. 

FIGS. 3A and 3B illustrate the situation in which restriction causes an 
increase in blood volume. The total limb impedance at lower blood volume when 
the limb is unrestricted is Z^, illustrated in FIG. 3A. The total limb impedance at 
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higher blood volume when the limb is lestricted is Zr, illustrated in FIG. 3A. 
Impedance Zr is the equivalent to impedance Zu in paraUcl with the impedance Z^, 
where Zb is the blood present at higher volume that is not present at lower volume. 
(This model assumes that the Mtra blood has the same hematocrit as all other blood 
5 passing thnnigh the limb.) Impedance Zr is calculated through equation (15), 
bdow: 

Zr = (Zb X Zu)/(Zb + Zu) (15). 
Both, Zr and Zu can be measured and from them Z^ can be computed. Solving for 
impedance Zb in equation (15) yields equation (16), below: 
10 Zb = (Z„xZb)/(Zu.Zr) (16), 

for the case in which restriction causes an increase in blood volume. 

In the case in which restriction causes a decrease in blood volume. Zy is 
equivalent to Zr in paraUel with Zb. where Zb is the blood present at higher volume 
that is not present at lower volume. Then, impedance Z^ is calculated through 
15 equation (17), bdow: 

Zu = (ZbX2b)/(Zb + Zb) (17). 
Both, Zb and Z^ can be measured and fiom than Zb can be computed. Solving for 
impedance Zb in equation (17) yields equation (18), below: 

Zb = (ZuxZb)/(Zb.Zu) (18), 
20 for the case in which restriction causes a decrease in blood volume. 

Although blood impedance Zb includes both a magnitude and phase, the 
phase appears to be the stronger indicator of hraiatocrit. However, both phase and 
magnitude of Zb may be used in pattern analysis in a neural netwoik. 

The processes of determining Zj arc repeated for various frequencies over a 
25 range from about 10 kHz to about 10 MHz. Various steps may be used. In the 
current embodiment » there may be from 3 stq)s per octave to 10 steps per oc^ve, 
where octaves are 10 kHz, 20 kHz, 40 kHz, 80 kHz, 160 kHz, etc. 

There are advantages and disadvantages in having a large versus a small 
number of steps. A large number of stq>s may be used to average out arterial 
30 pulsation noise, but takes more time and, therefore, there is a greater risk that the 
blood volume will undesirably and unpredictably change over time with a longer 
measurement. 
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It has been found by the mventors that the phase change increases (as a 
negative number) from about 10 kHz to in the region of 1.6 MHz and then begins 
to decrease (although there may be an inflection point at well below 1.6 MHz), (de 
Vries, P.M.J.M., et al.. "Implications of the dielec^cal behavior of human blood 
S for continuous on-line measurement of hematocrit", Med. Biol. Enp. A Comout. 
31, 44S-448 (1993) notes a 1.6 MHz maximum phase.) However, it is expected 
that the maximum phase change will vary depending on various factors. Therefore, 
a neural netwoilc i^roach is proposed. 
6. Preferred Pnjccdurcs 
10 The following procedures may be used. A "scan" refers to the process of 

applying signals of various frequencies in stq}s between a lower and upper 
frequency limit to electrode 48A, As described above, this creates a current 
between electrodes 48A and 48B, and a voltage between electrodes 50A and 503. 
It takes about one 55th of a second to gather V„ Vq, C„ and Cq signals at each 
15 frcquaicy. Digital filter 128 requires about 9 milliseconds to achieve the desired 60 
Hz bandwidth. Accordingly, digital filter 128 processes Pa for 9 milliseconds and 
then processes Pyi for 9 milliseconds at one frequency. The processes is then 
repeated for 9 milliseconds for Pa and then 9 milliseconds for Pyi at another 
frequency. The corresponding digital filter in mixer and filter 106 similarly 
20 processes Pcq and Pvq. 

In a preferred embodiment, the software is written so that the lower and 
upper frequency limits are 10 UIz and 10 MHz, and the number of stq)s between 
the lower and upper limits are between 11 and 101 frequencies. If 101 frequencies 
are chosen, it takes about 1.8 seconds (= 101/55) to comply a scan. 
25 A "iq)etition" refers to the number of "scans" that are perfonned in quidc 

succession before changing the blood volume. In a preferred embodiment, the 
software is written so there may be between 1 and 10 rq)etitions. The reason to 
perfonn multiple rqjetitions is as follows. Arterial pulsations cause a small 
alternating fluctuation in blood volume. The pulsations can affect the phase. If 
30 multiple rq)etitions arc made, the variations in phase caused by arterial pulsations 
can be averaged and the effect reduced. 

A "measurement" tefm to the completion of a specified number of scan 
repetitions at a particular blood volume. In a preferred embodiment, tiie software is 
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written to make any number of measurements up to 25. For example, a first 
measurement is at unrestricted blood volume. A second measurement is at 
restricted blood volume. A third measurement may be at the unrestricted blood 
volume or some other blood volume, and so foith. Dq)ending on the restrictive 
5 pressure (such as from a cuff) and the vascular circulation, it can take between 
about 10 seconds to 45 seconds for blood volume of limb 44 to reach a new 
equilibrium after the restrictive pressure is changed. 

It is desirable to not make more measurements than is necessary in order to 
reduce the test time. A greater number of scans per measurement evens out 

10 pulsatile variations. It has been found that measurement yield different results, even 
taken at near the same time. Therefore, enough measurements should be made to 
ensure adequate results. Multiple cycles may be needed to produce satisfactory 
results. If the first few measurements give results with a small standard deviation, 
it may not be necessary to finish all the measurements. 

IS There are various tradeoffs in the choice of values. For example, a laige 

change in blood volume is desirable to produce a high signal to noise ratio with 
respect to arterial pulsations. However, a large blood volume change takes a longer 
time and causes more capillary beds to open up to accommodate additional blood 
volume. 

20 Of course, the various values and limits for frequencies, stq)s, scans, 

repetitions, and cycles can be changed through altering the software. 

7. A Neural Networic Approach 
25 A neural network may analyze very complex noisy data and find patterns (or 

combinations of data) that can be used to determine underlying parameters. These 
patterns are usually not apparent to human observers. In a statistical sense, neural 
networks are capable of performing non-linear non-parametric regression. 

Finding neural network solutions to complex data analysis problems may be 
30 as much art as science. There are many different neural network paradigms, and 
each of these paradigms use the specification of a number of critical parameters. 
These choices require a ceitain amount of experience, trial-and-error, ^c. The 
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search for a systraiatic neuial network design approach is a very active area of 
research within the field of Artificial Intelligence. 

The particular paradigms of interest in the presoit invention are believed to 
be those that produce continuous-valued ou^ts and that undogo supervised 
S training. Hus is a technique of shying the neural network in which the netwoilc is 
repeatedly exposed to both the data and the right answo*. This allows the net to 
stnictute itself intonally so that it extracts the firatures in the data that we have 
idoitified as being important to the present inv«ition. 

Clinical data collection could be gathered from several runs on each patient 
10 or subject. The runs could be performed with certain varying conditions (such as 
different height of the limb under test, applied heat to the Umb, etc.). Thereby, 
several diffeirat environments could be produced with different patterns of data for 
the same hematocrit. In addition, blood could be drawn to accurately deteimine the 
actual hematocrit using the "gold standard" technique of centrifuging capillary tubes 
IS ccmtaining the subjects whole blood. 

By collecdng this diverse data on each aibject and having a sufficient 
number of subjects, the neural nets will be trained to determine the underlying 
^aameHer of hematooit. 

Neural network 52 may be in PC 42 or an adjacent PC or other computer. 
20 Acondingly, in FIG. 4, neural network 52 is shown in dadied lines. 

The following paiametm could be considered by the neural network. With 
respect to the impedance waveforms, the neural network could consider parameten 
including frequaicy, magnitude, phase, and derivations thereof. With respect to the 
patient or subject, the neural network could consider parametes including the 
25 patient's age, weight, sex, temperature, illiness, heat applied to the limb, blood 
pressure, and arm elevation and position. Of course, it is not necessary that the 
neural network consider each of these parameters. 

Of course, the neural network would also consider the hematocrit 
measurements from centrifuging capillary tubes corresponding to the patient from 
30 which the other facton were obtained. 

Hie neural network is used in two manners. First, it is used to derive a 
gioup of patterns and/or other data from a large amount of the parameters regarding 
patients and waveforms. Second, once the patterns and/or other data are derived. 
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the neural n^oik is used in detennining the hematocrit of a paxticular patient 
(who, for example, may be on an operating table) by comparing patirat and 
wavefonn data of the paiticular patient with the previously derived patterns and/or 
other data. 

S At present, it is believed that the neural networic is able to process out the 

smaU vessel effect and produce the hematocrit value due to blood contained in laxge 
vessels. 

As used herein, the term "patient" includes both those persons from whom 
the data is originally obtain to create the group of patterns or data, and those 

10 persons whose hematocrit is later determined from the group of patterns or data. 
Look up tables may be used, although it is expected that many of the 
patterns (such as equations) may be too complicated to make look-up tables practical 
for most purposes. 

8. Air pump, solenoidfs). and pressure cuff 28 

IS There are various methods of changing the blood volume. For example, if 

limb 44 is a finger, blood volume may be change through venous restriction about 
the upper arm of the patient, or arterial occlusion of the wrist of the patient. 

In the case of venous restriction, it is preferred that the cuff create less than 
diastolic pressure so that arteries can pump blood in, but blood does not flow out 

20 under the cuff until pressure in limb 44 equals the cuff pressure. Under arterial 
occlusion, arterial blood is blocked from mtering limb 44 and blood drains out of 
limb 44 through the veins to create a lower blood volume. It has been found that 
the phase change detected during venous restriction may be different from that 
detected during arterial occlusion. 

25 It is believed to be easier to implement venous restriction with a blood 

pressure cufT than it is to perform arterial occlusion. To obtain restriction through 
occlusion, the ukia and radial arteries should be occluded, which may be difficult. 
Also, about 10% of the population has a medial arterial which should also be 
occluded. However, it is believed that arterial occlusion drains the large vessels 

30 without effecting the capillaries to a great extent while venous restriction has a 

greater tendency to open up new capillary bends and/or modify the geometry of the 
vascular space. 
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Referring to FIG. 9, air piimp» solmoid(s), and pressure cuff 28 may woik 
as follows. An air pump 152 provides increased air pressure to a tube 154. When 
it is time for a pressure cuff 156 to increase in pressure, microprocessor 94 
activates a solenoid 160 which allows the increased pressure in tube 154 to flow to 

5 tube 162. Microprocessor 94 is informed of the pressure in tube 162 through 
pressure transduce 164. When it is time to decrease the pressure in cuff 156, 
microprocessor 94 activates solenoid 168 through which tube 162 is connected to an 
exhaust. Air pump 152 may be turned on under sqpaiate switch or under the 
control of micro-processor 94. 

10 The volume change should be maximized by adjusting the tilt and height of 

the patient's aim. 

It is believed that limb movement may significanfly change the impedance. 
9. Additional In formation 

Frequency generator 100 may be constructed according to a well known 

15 practice shown in FIG. 10. Refming to FIG. 10, a 16-bit frequency word FW is 
received on conductor 112 by an adder 180 that produces a phase word FW in 
response to the FW. The desired sinusoidal frequency = FW X clock frequency/ 
2'^. Depending on the maximum desired sinusoidal hequency, the clock frequency 
may be, for example, 30 MHz or 60 MHz. The phase word PW is received by a 

20 sine/cosine look-up table PROM 182 that produces sine and cosine signals. The 
sine signal may be 127.5 x sin (PW x 2ir)/2048 and the cosine signal may be 127.5 
cos (PW X 2t)/2048. Of course, the preceding is merely an example and various 
other well known techniques could be used. 

Preferably, current is injected into Kmb 44 between electrodes 48A and 48B, 

25 and voltage is measured between electrodes 50A and 50B. Alternatively and less 
desirably, current could injected betwe«i electrodes 50A and SOB, and voltage 
measured between electrodes 48A and 48B. In the case of the alternative less 
desirable arrangement, preferably, both the current injected by electrode 50A and 
the current received by electrode 50B would be measured to account for any current 

30 that may pass to another part of the body. Also, in the case of the alternative less 
desirable arrangement, it may also be desuable to bring electrodes 50B and 48B 
closer to electrodes 48A and 50A, and to make the electrodes narrower. 

Current could be created through magnetic fields rather than electrodes. 
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Piefeiably, the out-of-phase signals on conductors 98 from signal genmtor 
100 arc cosine signals, which axe 90 degtees (or 270 degrees) out of phase with the 
sine signal on conductors 96 (sometimes called a quadrature signal). Alteniatively, 
the ou^ut-of*phase signals could have some other rclationshq> than 90 degrees out 
S of phase with respect sine signals on conductors 96. In that case, it may be 
necessary and/or desirable to have three or more signals rather than only two 
signals. 

In the illustrated embodiment of FIGS. 4 and 8, the functions of frequency 
generator 100, low pass filters 116 and 128, and mixer and filters 104 and 106 are 
10 performed in hardware including programmed dedicated hardware with, for 
example, addm, multipliers, and gate arrays) as opposed to a microprocessor. 
Alternatively, some or all of the functions may be performed in PC 42, in another 
microprocessor system, or otherwise in software. 

Other course, PC 42 does not have to be a "personal computer** but may be 
IS any of various other computers, such as a Macintosh, Sun Microsystems, etc. 

Four mixers and filters may be used, rather than the two, eliminating the 
need for RF switch 80. 

As used herein, a "conductor" may actual comprise multiple wires, such as 
in the case of a parallel digital transmission. In another words, digital data may be 
20 transmitted in parallel or in series. There may also be a ground wire. Conductors 
38 and 40 each may be a 50 ohm coaxial cable. 

As used in the claims, the tcnn "connect," "connectable," or "connected to" 
are not necessarily limited to a direct connection. 
B. Two-Freouencv Embodiments 
25 Although the multi-frequency embodiment described above is generally 

preferred, a description of the foUowing two-frequracy technique for determining 
the hematocrit is also presented. 

1. Background 

Referring again to FIG. 1, which dq>icts an approximation of the behavior 
30 of whole blood when subjected to an alternating electrical current, resistance 10 in 
circuit path 12 rq>resenting the respoxise of the extracellular or plasma componrat, 
while the parallel circuit path 14, representative of the erythrocyte or red blood 
corpuscle component, includes both a capacitance 16 as well as a resistance 18. At 
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low frequencies (such as 50 kHz), whole blood impedance is attributable primarily 
to the extracellular blood component circuit path 12, while at higher frequencies 
(for example, 1 MHz) the capadtive nature of the cell membrane of the red blood 
corpuscles results in a more significant impedance contribution from circuit path 14, 

5 reducing the magnitude of the whole blood impedance. Thus, in simplified terms, 
the ratio of a low-frequency impedance to a high-frequency impedance is 
rq>resentative of the relative volume percent of red blood corpuscles, or hematocrit. 
There is no precise frequency or narrow band at which the red cell capacitance 
phenomenon becomes significant, but rather a transition zone of frequencies over 

10 which the capacitive component increases in a relatively rapid manner. As will be 
explained in more detail hereafter, the impedance magnitude differential due to the 
frequency response characteristics of blood below and above the aforementioned 
transition zone enables the practitioner employing the present invention to utilize 
electrical stimulation of the patient to determine hematocrit in a noninvasive 

15 manner. However, in order to make use of frequency-based impedance differentials 
in whole blood to determine hraiatocrit, it is necessary to remove the dominant 
body tissue impedance componrat of the body portion through which impedance is 
measured. 

HG. 15 of the drawings comprises a rqnesentative sector of a danodulated 
20 voltage signal envelope over a period of time as measured by sensors attached to an 
electricaUy-stunulated extremity of a patient according to the present invention, the 
measured voltage being directly proportional to and therefore representative of the 
total impedance of the whole blood plus the surrounding tissue. As shown, the 
signal envelope includes a dominant DC or baseline component and a small AC or 
25 pulsatile componrat. The DC component is generated by the patient's tissue, non- 
pulsatile arterial blood, and venous and capillary blood of the stimulated body 
portion. The AC component is attributable only to the pulsatile blood, and is 
therefore truly rq)resentative of whole blood impedance for a given frequency. AC 
components at different frequencies will have substantially identical voltage 
30 envelope shapes, differing only in magnitude due to the aforementioned frequency- 
dq)endent nature of the whole blood impedance req>onse. By isolating and utilizing 
only the AC, or pulsatile, component of the signal, the impedance effects of the 
patient*s extravascular tissue are eliminated and a hematocrit determination may be 
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made using the ratio of a low-frequency pulsatile impedance to a high-frequency 
pulsatile impedance. 

2. Two-freouencv system and metl^fvi 

FIG. 11, which is illustrative of a two-fiequency embodiment of the 
invention, shows a patient body portion 220 containing an artery (which may also 
be referred to as a pulsatile vascular compartment) on the exterior of which have 
been placed outer stimulation electrodes 222 and inner sensor electrodes 224, all of 
which are preferably ring electrodes so as to envelop the body portion 220. The 
four-electrode method is a standard engineering technique which helps to eliminate 
errors attributable to contact resistance and, except insofar as it is employed in the 
present invention, does not constitute a part thereof. 

Power or stimulation electrodes 222 are driven with a constant current 
composite carrier waveform consisting of two frequencies A and B provided by 
current sources 226 and 228. It is preferred that the applied constant current be of 
a peak-to-peak magnitude of 2 mA or less. Frequ»cies A and B should differ 
sufficiently to provide a significantly different blood impedance response to each 
frequency due to the oqiacitive component of the patient's blood, and thus an 
impedance differential useful in practicing the present invention. It has been found 
that a low frequency A of SO kHz and a high firequracy B of 1 MHz provide a 
usable differential response, in that they are, respectively, sufficiently far below and 
above the frequracy transition zone wherein the capacitive component of the 
response becomes significant. It should be noted at this point that use of 
frequencies much below 50 kHz is inadvisable for reasons of patient safety, in that 
lower frequracies may induce heart arrhythmia. 

Each frequency excites the tissue of body portion 220 with a constant 
current, and the resulting voltage signal at each frequency is measured from inner 
sensor electrodes 224. Since the current excitation is constant, the envelope of the 
measured voltage at each frequency is directly proportional to the tissue impedance 
at that frequency. AM Detectors 230 and 232, one each for frequency A and 
frequency B, measure the envelope of the voltage signals, and transmit the resulting 
signals to A/D Converter 234, which converts the signals to the digital domain for 
isolation of the pulsatile componrat of the signal and further processing by a 
progranuned processing unit, preferably general puipose Microcomputer 236, in 
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response to commands from Keyboaxd 238. Microcomputer 236 repeatedly extracts 
time-matched conveited pulsatile signal component segments at each frequency, 
normalizes them against the voltage baseline of the respective carrier waveforms 
and then creates a series of segment ratios of the normalized pulsatile signal 
S components. These ratios are averaged, preferably using a weighted averaging 
methodology which more heavily weights more significant ratios, being those 
comprised of pulsatile component segments exhibiting the greatest change in voltage 
magnitude over time. The weighted average of the ratios is rq)resentative of the 
hematocrit, the latter being extracted from an internal look-up table of 

10 corresponding ratio and hematocrit values by Micrcx^mputer 236, and displayed to 
the practitioner via Display 240, which may comprise a graphic screen display, a 
numerical display, or both. 

An embodiment of current sources 226 and 228 of HG. 11, as depicted in 
FIG* 12, uses transistor 300 as an approximation of a current source, which is 

IS drivm by oscillator 302 through automatic gain control (AGC) multq)lier 322 at the 
desired frequmcy, the resulting output signal driving power transformer 304 which 
in turn outputs to patient stimulation dectrodes 222. Isolation of each cunent 
source using transformer coupling via power transformer 304 and pickoff 
transfoimer 306 is used for patient safety. It should be noted that, as is well known 

20 in the ait, transformers 304 and 306 should be wound to maximize their response at 
the frequencies of interest and minimize sensitivity to artifact. A sensing or 
regulator signal is picked off from the ou^ut coil of transformer 306 and 
transmitted through buffer 308 to phase lock loop synchronous AM detector 317, 
which includes detector multiplier 310, phase lock loop 312, quadrature amplifier 

25 314 and low pass filter 316. Phase lock loops arc well known in the art, as are AM 
synchronous detectors incorporating same, and therefore their structure and function 
will not be further described herein. However, a brief but excellent description of 
phase lock loq)s, their operation, versatility and applications, specifically in the 
fabrication of an AM synchronous detector suitable for use with the present 

30 invention, appears in the 1987 EXAR Databook . pp. 6-62 through 65 and 11-68 
through 71, published by EXAR Coiporation, 2222 Qume Drive, San Jose, 
California 95131. Detector 317 outputs the envelope of the sensed current drive 
signal to difference amplifier 318 for comparison to the input signal from reference 
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320, the output signal from difference amplifier 318 controlling AGC multiplier 
322, the ou^ut of which is impressed with the desired frequency (A or B) by 
oscillator 302. Thus a servo-control loop to maintain a substantially constant output 
from the cuirent source is established. Current sources 226 and 228 are 
substantially identical except for the frequencies dictated by oscillators 302. 

The AM Detectors 230 and 232 used in the embodiment of FIG. 1 1 of the 
present invention, as depicted in FIG. 13, arc AM synchronous detectors built 
around a phase lock loop. The measured voltage signal from the sensor or patient 
measurement electrodes 224, which is quite minute, is amplified by instramcntation 
amplifier 400 and sent to detector multiplier 402 and phase lock loop 404 of each 
AM Detector 230 and 232, the ou^t of the phase lock locps being filtered by low 
pass fdters 408. The outputs of Detectors 230 and 232 are thus the envelopes of 
the measured voltage waveforms at low and high frequencies, respectively, and 
inherratly rqiresentative of impedance at those frequencies. As noted previously, 
phase lock loops and synchronous AM detectors, their structure and funcdon are 
well known in the art, and the reader is again referred to the above-referenced 
Paees of the 1987 EXAR Databook for a more detailed rfi>jcrripttnn th^r^r 

The demodulated voltage »gnal envelopes from AM Detectors 230 and 232 
arc received by A/D Converter 234, depicted in its preferred embodunent in FIG, 
14, A/D Converter 234 mcluding a pair of level shifters 500, each driven by level 
set conunands from Microcomputer 236 via digital-to-analog (D/A) convertors 502 
to extend the range of high resolution analog-to-digital (A/D) converter unit 504 to 
accommodate the fact that the variable Qnilsatile) component of the impedance being 
measured typically constitutes only about one percent (1 %) of the total measured 
impedance. Analog multiplexor 506 selects the qipropriate signals from either AM 
Detector 230 or 232 responsive to channel select commands from Microcomputer 
236, and feeds the selected signal to analog-to-digital converter unit 504 for 
conversion to the digital domain. 

One preferred means of obtaining the pulsatile waveform component of 
interest in the practice of the presrat invention is to utilize a high resolution A/D 
converter unit 504, that is to say one which has a 20-22 bit resolution capability, 
and digitize the entire waveform, including both the small AC (pulsatile) and much 
larger DC (baseline) components. This provides a sufficiently large dynamic range 
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so that the pulsatile, or AC component, of the wavefoim at each frequency can be 
isolated to provide meaningful data. However, this approach lequixes a relatively 
eiqmisive A/D convener unit, and an alternative s^roacb is to set a voltage clamp 
level at the magnitude of the DC component, subtract this from the waveform and 

5 magnify the remaining signal. The voltage clamp approach is less expensive as it 
requires fewer bits of resolution capability in the A/D converter unit. 

Segments of the convoted analog values from Detectors 230 and 232 are 
then repeatedly extracted over identical time periods by Microcomputer 236, 
correlated to further reduce noise effects, and then normalized by dividing by the 

10 voltage baseline of their respective carrier waveforms before a series of ratios of the 
time-matcbed digitized pulsatile component signal scgmwits at frequencies A and B 
are calculated. The ratios are averaged in a preferred embodiment using weighted 
averaging techniques well known in the art, relative weighting being based upon the 
chaiige in voltage magnitude versus time for the time period over which the 

IS digitized signals are extracted. Stated another way, the greater the aV per At for a 
pair of time-matched component segments, the more significant the resulting ratio 
and the more heavily the ratio is weighted in the averaging process. The weighted 
ratio average, which is representative of hematocrit, is correlated to a hematocrit 
value by Microcomputer 36 via a look-up table of corresponding ratio and 

20 hnnatocrit values constnicted a priori from clinical studies and dq)icted numerically 
and/or graphically to the practitioner on Diq[>lay 240. Of course, the foregoing 
process from measurement of voltage across the patient body portion 220 to ultimate 
output of patient hematocrit on Display 240 is p^ormed repeatedly and 
substantially continuously, so that variations and trends in hematocrit will be 

25 immediately ^jparent. The use of empirical data for the look-up table is due to tiie 
fact that the electrical approximation employed for the whole blood model is first- 
oider, and a rigorous derivation of the response of the model will be inaccurate. 
Moroover, any such derivations will yield calibration results which vary with the 
two frequencies chosen, as well as the gain factors of the various stages of the 

30 apparatus. 

As will be evident to tiie skilled practitioner of tiie art, all components of die 
^jparatus utilized to practice the present invration should be selected for low noise 
output, due to the ntremely low signal m^nitude of the signal of interest. 
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3. AiwJysK and Cpmparisons 

a. The Impedance of Blood 
The model for the firsl-order electrical iq>iesentation of blood, as shown in 
FIG. 1, has been established by onpirical testing to be correct. It is inteiesting to 
S note that confinnation of the model has appeared in the biomedical ragineering 
Uteiatuie. de Vries, P.MJ.M., et al. "Implications of the dielectrical behavior of 
human blood for continuous on-line measurement of hematocrit", Med. Biol. Eng. 
& Comput, 31, 445-448 (1993). 

However, the frequency range of greatest interest, previously believed to lie 
10 between 50 kHz and 1 MHz, has been proven to be somewhat different and 
expanded at the high ftequency end. In fact, the preferred frequency range has 
subsequently been established to lie substantially between 100 kHz and 10 MHz to 
20 MHz. 

The electrical peribrmance characteristics of blood according to the FIG. 1 

15 model over this latter frequracy range (lOOkHz and 10 MHz to 20 MHz) have been 
confirmed by the inventor on numerous occasions with a specially prepared test cell. 
The test cell was fabricated by taking a cylindrical glass tube 1 cm in diameter. 
One end was sealed with an insulator containing an embedded electrode. The blood 
sample was then introduced into the test cell, together with a very small quantity of 

20 hqiarin, to prevent the sample from coagulating in the test cell. A removable 
stopper of an insulating material was then insnted in the open end of the test cell; 
the stopper also had an embedded electrode that descended into the blood, when the 
stopper was property positioned. The impedance characteristic of the blood were 
then measured in a straight-forward manner (in this configuration, the test cell 

25 operates as a two-terminal electrical device) by doing a frequency sweq> over the 
range of interest and measuxing the response. 

Since stagnant blood has a sedimentation effect, in which the suspended red 
blood cells will slowly settle due to gravity, it may be important to stir the contents 
of the test cell if protracted testing is done, to ensure rq>roducibility. 

30 b. The Electrical Model for Noninvasive Hematocrit 

By way of providing those of ordinary skill in the art with a more complete 
and comprehensive understanding of the invention, it should be reafEirmed that the 
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underiying electrical model is a parallel one. In fact, although the analogy 
employed in the BACKGROUND section of this application to pulse oximetry might 
be appropriate for motivation with what is now termed the "small signal" or 
plethysmographic approach, the analogy would be somewhat in^ropriate if carried 
S to an extreme. Specifically, a directly equivalent electrical derivation to the optical 
problem of pulse oximetry would result in a series electrical model. However, the 
appropriate electrical model for a body portion 220 under test, as shown in FIG. 
11, would be the first order s^roximation of PIG. 1 representative of the blood in 
the pulsatile vascular compartment, in parallel with a like circuit, the values of 
10 which would rq)resent the intra- and extra-cellular spaces and cell membrane 

capacitances of the bulk background tissue. This model is shown in FIG. 16, where 
the badcground tissue impedance, Zr, is bridged in a parallel fashion by the 
impedance of an additional volume of blood, Zb* One naturally occurring way in 
which an additional volume of blood is ^ed to a limb segment is during the 
15 cardiac cycle, where the pumping action of the heart causes incrraiental volumes of 
blood to be periodically added and ranoved. As shown in FIG. 16, 

Zb s Blood Impedance 

Rbe = Extracellular Resistance of Blood 

Rbi = Intracellular Resistance of Blood 
20 Cbm = Cell Membrane Capacitance 

Zt Tissue Impedance 

Rj£ — Extracellular Resistance of Tissue 

Rjj = Intracellular Resistance of Tissue 

Ctm ^ Cell Membrane Capacitance of Tissue 
25 The solution of this model is straightforward, and can be done by any 

electrical engineer of ordinary skill in the art. Successful solution techniques find 
Zb by removing the effect of Zr from the measured gross impedance, using 
knowledge of the parallel nature of the model. Once Zb is determined, hematocrit 
is found to be some fiinction of the ratio Rbx/CRu + Rbs)« The predse 
30 characterization of this function cannot be known; however, it is empirically 

determined during instrument design by making a large number of calibration-type 
measurements and embedding the results in a look-up table as previously 
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referenced. The look-up table is then CTiiployed in the apparatus of the invention as 
used with a patimt in a real-life environment. 

Using the underlying concept of measuremoit at sufficiently low frequencies tfiai 
the capacitances are essentiaUy open circuhs (less than 1(X) UIz (< 1(X) 1^ 
5 sufikiaitly high fitequrades that the capacitances are essentially sboit or closed ciicuits 
(greater than 20 MHz ( > 20 MHz)) , results in sinq)lified equations for solution of the 
problem. 

c. TTie Two-Frequencv Technique 
The original inventive concqjt, as set forth above, addresses the pioblem 

10 (hematocrit detennination) from the point of view of inqiedance magnitude. Since the 
equivalent electrical drcniits used to model the pertinoit physiology contain leactive 
components (capacitors), the impedance across the frequency specdum is complex; i.e., 
magnitude and phase are both pertinent (or, equivalently, real and imaginaiy parts). 
However, as noted immediately above, by using measurement frequencies that are 

IS sufficiently low and suffidently high, the capaa&ve components are either respectivdy 
ppm or closed. Ilius, the phase at the measurement fiequendes would be expected to 
be at or near zero. 

Practically speaking, it is difficult to fiabricate dectrical devices that perform well 
at 20 MHz, in order to solve the noninvasive hematocrit determination problem. It is 

20 possible, however, to use a two frequency technique wboe the higher of the two 

frequendes is lower than 20 MHz if aHHitinnai assumpticMis are made. For example, the 
reverse S-shaped curve plot of blood impedance, Z, which is level at 100 kHz and then 
slopes downwardly above 100 kHZ until it is again level at 20 MHz, begins to level out 
at about 10 MHz. Therefore, one may achieve reasonable accuracy by employing a 

25 look-up table with high frequracy anpirical values corresponding to braiatocrit as 
det^mined at 10 MHz rather than 20 MHz. Ahematively, it is possible to solve the 
equations represented by the circuits by using more than two frequendes, for example, 
three or more, if these are chosoi so that the measured impedances at these frequencies 
are sufficiently different from one another. The use of at lea^ one additional frequncy 

30 would again p^mit the avoidance of using a 20 MHz high frequency. This technique 
would involve more matbmiatics with at least another addhional unknown, but 
potentially is a more rdined methodology which might obtain a better qsproximation of 
hematocrit at certain levds via curve-fitting than the two-frequency approach. 
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The approach of the system and method of FIGS. 3-10, however, does not 
ignore phase. It has been determined that phase angle (phase shift) of a detected 
waveform relative to the input signal is related to the amount of cell membrane 
present, and thus to hematocrit. Further, if blood is directly measured in a test cell, 
S as previously described, but both magnitude and phase are recovered, the inventor 
has found that the phase reaches a maximum response in the vicinity of 1 .6 MHz 
(also confinned by de Vries, et al, previously cited). This is the frequency region 
approximately corresponding to the point of inflection of the reverse S-shaped 
impedance/frequency curve. Thus, if appropriate hardware is fabricated, the 
10 noninvasive hematocrit detennination problem can be solved with a two frequracy 
measurement employing the phase of the detected signals in combination with 
impedance magnitude, wherein the high frequency is significantly lower than 20 
MHz. 

d. Thg Mgdifiwf Small Signal Approach 

IS As discussed earlier with respect to the two-frequency embodiment of the 

invention, when a limb containing a pulsatile vascular space is measured 
electrically, the pulsatile component (known as the plethysmographic signal) is a 
very small percentage of the baseline DC signal. Typically, this plethysmographic 
signal is 0.05% - 0.1 % of the magnitude of the baseline, lids in itself requires 

20 very rigorously designed instnimentation, as heretofore noted, because of the 
necessary dynamic range. 

However, an additional problem has been discovered with the small signal 
approach as described with respect to the two-frequency embodiment of the 
invention. This problem is due to the nature of intracoiporeal blood-flow, which 

25 the inventor has determined to be non-homogeneous. By this, it is meant that the 
gross components of blood, namely plasma and the suspended cellular particles, do 
not flow in lock-step with one another; rather, in response to irregular paths, 
turbulence, etc., the concentration of red cells in plasma may exhibit regions of 
higher concentration foUowed by regions of lower concentration. Thus, over the 

30 course of a cardiac cycle, there will be small changes in the ""instantaneous 

hematocrit" at any given point in a vascular space. Thus, if one could station a 
miniature "perfect obsenrer" at a gkven point in an aiteiy, this observer might detect 
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instantaneous hematooits varying from 39 to 41 in a person whose classically 
cieasuied hematocrit was 40. 

While seemingly small in absolute tenns, such variations in instantaneous 
hematocrit tend to have a rather large effect on the derived hraiatocrit, when the 
5 noninvasive technique of the invention is used. This phenomenon results fmm the 
underlying assumption that the plethysmographic variations that are observed aie 
due strictly to variations in the observed volume of whole blood, and are 
rq)resentative of whole blood. In fact, the measured variations arc a combination 
of true blood volume change as well as changes in the local density of red cells in 

10 plasma. It is conceivable that the relative percentage of the density variation is 
actually larger than the pletbysmogr^hic percentage of the baseline. This situation 
may lead to markedly incorrect results, even if an ideal apparatus were to be built. 

A solution to the aforementioned problem with using the small signal approach 
created by variations in instantaneous hematocrit, is to restore correctness to the 

IS underiying assumption of homogeneity of blood flow. This modified small signal 
approach is effected by applying a mechanical "assist" to the limb under 
measurement. To understand the basis for this "assist/ consider what happens 
when a blood pressure cuff is apphti to a limb and taken through an inflation- 
deflation cycle. When the cuff is initially taken up to a pressure that exceeds 

20 systolic blood pressure by a fair amount, the pressure results in the complete 
obliteration of the arterial space; consequently, no blood will flow past the 
obstruction effected by the cuff at any point in the cardiac cycle and the 
plethysmographic signal is completely suppressed. As the cuff bleed valve is 
opened and the cuff is deflated slowly, the column of blood at the proximal end of 

25 the cuff is able to make brief incursions into the region of the limb under the cuff 
during the high pressure parts of the cardiac cycle. Just as the cuff deflates to sys- 
tolic pressure, a smaU quantity of blood is able to completely traverse the occluded 
zone for just a brief instant. As the cuff pressure continues to decrease, a larger 
fraction of blood is able to transit through the occlusion zone, although there is still 

30 complete occlusion of the artery for the portion of the cardiac cycle that has a 

pressure below the occluding cuff pressure. Finally, as the cuff deflates to diastolic 
blood pressure, the blood is able to travel past the occlusion zone for the entire 
cardiac cycle. 
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Now, consider again the situation wheie the cuff pressure is just at the systolic 
value. The tiny fraction of blood that is able to completely traverse the occlusion 
zone is nearly pure plasma, because plasma is less viscous than whole blood and the 
resistance of the nearly totally occluded artery is very high. As the cuff pressure 
S continues to decrease, the resistance presented to the blood also decreases, and more 
cellular components are able to flow. The desirable effect being sought is one 
where the artery remains occluded for at least a small portion of the cardiac cycle 
and where the blood traversing the occlusion zone is representative of whole blood, 
at least over time. 

10 Thus, by causing the artery to be occluded by a blood pressure cuff during a 

portion of the cardiac cyde, it is guaranteed that the plethysmographic signal is 
representative of the total volume of blood in the artery, rather than the small 
portion of additional volume due to cardiac ejection. Additionally, if the blood 
traversing the ocdusion zone is rq[)resentative of whole blood over time, then the 

IS plethysmognq>hic waveform can be integrated to solve the problem. 

It has been found that the proper conditions to effect the foregoing desired 
result occur when the cuff pressure is in the r^on of mean arterial pressure. This 
pressure zone is non-critical and corresponds to the pressure region whcrt the 
amplitude of the plethysmographic component of the signal becomes a maximum. 

20 To practice the invention according to this methodology, the cuff is applied to 

the body portion (limb) in question proximate the stimulation and sensor electrodes. 
It is feasible to place the cuff either proximally, distally or over the electrodes, 
there at present being no identified preferred location for the axff relative to the 
electrodes. Pressure in the cuff and inflation and deflation thereof may be 

25 controlled via a pump, bleed valve and sensor (pressure transducer) as known in the 
art, which devices are preferably under control of the nucrocomputer of the 
hematocrit determination apparatus. 

It should also be observed that the modified small signal approach should be 
employed with simultaneous stimulation of the body portion in question at the two 

30 selected frequencies, due to the importance of £suriy precise synchronization of 
sampling with the timing of the cuff inflation/deflation cycle. 
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e. The Large Signal Approach 
The multi-frequency approach described in connection with FIGS. 3-10 is 
refened to as a laige signal abroach. By contrast, the two-frequency approach is 
referred to as a small signal abroach. An underlying impedance effect has been 
S discovered and verified that allows the determination of hematocrit using electrical 
measurements. The concept is extended to the noninvasive realm by observing 
blood plus background tissue and focusing in on the component that is due to blood; 
i.e., subtracting out the portion of the effect that is due to the background tissue. 
Naturally occurring variations in blood volume due to the actions inherent in the 
10 cardiac cycle are used by measuring the plethysmographic signals. In the 

previously-discussed small signal approach, a blood pressure cuff is employed to 
avoid the deleterious effects of the non-homogeneous nature of blood flow. 

A large shift in blood is effected by the system and method described in 
connection with FIGS. 3-10. The nature of the method is such that blood flow 
IS artifact is eliminated. The same concept of subtracting out the bacli^ground tissue 
impedance is employed, using the equations that result from solving the parallel 
model. 

The procedure requires that an initial measurement of tiie bacl^round be taken 
with the limb under examination at rest, a blood pressure cuff having been 

20 previously applied. The cuff is then inflated to a point that is just below diastolic 
blood pressure. This pressure level allows blood flow during the complete cardiac 
cycle through the arteries; however, the cuff pressure is sufficient to provide venous 
occlusion. For purposes of convenience, a vein may also be referred to as a non- 
pulsatile vascular compartment. Thus, a situation has been created where whole 

25 blood is being added to the limb while outflow of blood is prevented. Hiis serves 
to temporarily sequester an additional volume of whole blood in the vascular space 
of the limb. If, now, an additional measurement is taken, it becomes a simple 
matter using the aforementioned bacl^ground measurement in combination with the 
additional measurement to apply the equations that solve the parallel model (FIG. 

30 16) to derive the hematocrit. It has been detemuned that the differential signal 

magnitude that results as a consequence of this maneuver is on the order of 2%-S%, 
which is a signiflcant improvement over the magnitude of the plethysmographic 
signal in comparison to the baseline. It should also be noted that the large signal 
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appioach is a static tedmique in which the sequestered incremmt of blood is not 
flowing during the period of measurranent. As a result, the artifact due to n<m- 
homogeneous blood flow is eliminated. Further, because the large signal approach 
is a static technique, stimulation of the patiem body portion at diiferent frequencies 
5 may be effected sequentially rather than simultaneously, via swequng or rapidly 
sampling at the desired flequencies. 

The operation of the blood pressure cuff to effectuate the large signal 
approach, is preferably controlled, as with the small signal q>proach, by the 
microcomputer of the hematocrit determination apparatus. 

10 

C. Measarement of Blood Pressure 

Since the measurement s^p for both the modifled small signal and the laige 
signal apptoach involves the application of a blood pressure cuff, as well as the 
electrodes necessary for impedance measurement, the apparatus may also be used to 
15 provide for the measurement of blood pressure using a different technique than that 
which is craomonly onployed in presmt day noninvasive automatic blood pressure 
monitors. 

Current technology for automatic blood pressure monitoring generally employs 
the oscillometric ^^roach. This involves analysis of the pressure variation in the 

20 blood pressure cuff itself that is due to pulsation in the arteries that underlay the 
cuff. Such an approach has been recognized to result in reasonably accurate values 
for systolic and mean blood pressures, but usually inaccurate values for diastolic 
blood pressure. However, the oscillometric technique has found widespread 
acceptance due to the simplicity, from the user's point-of-view, of employing the 

25 cuff as both the medium of pressure application as well as the sensing device. This 
results in a favorably perceived tradeoff between inaccuracy of measurement of 
diastolic pressure versus ease-of-use. 

Although the blood pressure determination technique of the invention involves 
the connection of additional interfaces to the patient, tiiis is already being done to 

30 obtain tiie hematocrit noninvasively. Therefore, it is attractive to use tiie apparatus 
of tiie invnition to also obtain a blood pressure reading tiiat is, in fact, more 
accurate than tiiat afforded by the oscillometric technique. 
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The measuiement points of interest using a blood pressure axff and impedance 
detennination electrodes and circuitry are found as follows: the cuff is inflated 
initially to suppress the plethysmographic signal; as the cuff is deflated, systolic 
pressure is the point at which the plethysmographic waveform reappears; as cuff 
S deflation continues, mean arterial pressure is the point of maximum intensity of the 
plethysmographic signal; as cuff deflation continues still further, diastolic pressure 
is that at which the morphology of the plethysmogn^hic waveform ceases to 
undergo further change with continued cuff deflation. 

10 While the present invention has been described in terms of certain exemplary 

preferred embodiments, it will be readily understood and ajTpreciated by one of 
ordinary skill in the art that it is not so limited, and that many additions, deletions 
and modifications to the preferred embodiments may be made within the scope of 
the invention as herdnafler claimed. 
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What is claimed is: 

1 . A system for noninvasive determination of hnnatocrit of whole blood 
in a body poition of a patient, the system comprising: 

S signal generation circuitry that produces alteniating and quadrature signals at 

various frequencies; ' 

processing, sensing, and application circuitry that provides current signals 
through the body portion in response to the alternating signals, and that senses the 
current signals being applied and produces current indicating signals in response 
10 thereto, and that senses voltage signals over a section of the body poition and 
produces voltage indicating signals in response thereto; and 

processing and demodulation circuitry that receives and mixes the current 
indicating signals and the alternating and quadrature signals to produce inphase and 
quadrature currait representing signals, and receives and mixes the voltage 
IS indicating signals and the alternating and quadrature signals to produce inphase and 
quadrature voltage representing signals; and 

evaluation cin^itiy that receives and processes the inphase and quadrature 
current representing signals and inphase and quadrature voltage representing signals 
to determine the hmatocrit. 

20 

2. The system of claim 1 in which the evaluation circuitry includes a . 
neural netwoik in which parameters of the processed biphase and quadrature current 
representing signals and inphase and quadrature voltage representing signals are 
included in a comparison with pre-gathered data to determine the hematocrit. 

25 

3. The system of claim 2 in which parameters regarding the patient are 
also included in the comparison. 



4. The system of claim 2 in which the pre-gathered data includes 
30 parameters regarding processed inphase and quadrature current representing signals 
and inphase and quadrature voltage representing signals of various persons other 
than the patient. 
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5. The system of claim 1 in which the system is used with numerous 
patients to develop a group of hematocrit data. 

6. The system of claim 1 fuither comprising a blood flow restriction 
5 device for restricting flow of blood in the body portion, thereby allowing blood 

volume in the body poition to change between at least a first and a second volume; 
and in which the processing, sensing, and application circuitry produces current 
indicating signals and voltage indicating signals for at least the first and second 
volumes. 

10 

7. The system of claim S in which the blood flow restriction device 
includes a pressure cuff. 

8. The system of claim 1 in which the body portion includes a portion of 
IS a finger of the patirat. 

9. The system of claim 1 in which the various frequencies range from 
10 kHz to 10 MHz. 

20 10. The system of claim 1 in which the processing and demodulation 

circuitry is included in a microprocessor system. 

11. Tlie system of claim 1 in which the signal generation circuitry is 
included in a microprocessor systrai. 

25 

12. The system of claim 1 in which the processing and demodulation 
circuitry and the signal generation circuitry are included in a microprocessor 
system. 



30 



13. The sy^em of claim 1 in which the processing, sensing, and 
application circuitry includes a switch through which the voltage indicating signals 
and current indicating signals alternatively pass. 
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14. Die system of claim 1 in which the pnx:essing and demodulation 
circuitry includes low pass filters and the inphase and quadrature curmt 
iq)iesenting signals, and inphase and quadrature voltage representing signals are 
provided at ou^ts of the low pass filters. 

5 

15. A system for noninvasive determination of hematocrit of whole blood 
in a body portion of a patient, the system comprising: 

signal generation circuitry that produces alternating signals at various 
frequencies and out-of-phase signals with respect to the alternating signals; 

10 processing, sensing, and application circuitry that provides current signals 

through the body portion in response to the alternating signals, and tiiat senses the 
current signals being applied and produces current indicating signals in response 
thereto, and that senses voltage signals over a section of the body portion and 
produces voltage indicating signals in reqx>nse thereto; and 

IS processing and donodulation dicuitry that receives and mixes the currrat 

indicating signals and voltage indicating signals and the alternating and out-of-phase 
signals to produce inphase and out-of-phase current representing signals and inphase 
and out-ofi)hase voltage rq>resrating signab; and 

evaluation circuitry that receives and processes the inphase and out-of-phase 

20 current representing signals and itq>hase and out-of-phase voltage rq>resenting 
signals to determine the hematocdt. 

16. The system of claim 15 in which the evaluation circuitry includes a 
neural network in which parameters of the processed inphase and out-of-phase 

25 current representing signals and inphase and out-of*phase voltage representing 
signals are included in a comparison with pre-gathered data to determine the 
hematocrit. 

17. The system of claim 16 in which parameters regarding the patient are 
30 also included in the comparison. 
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18. The system of claim 16 in which the pre-gathered data includes 
parameters legaiding processed inphase and out-of-phase current xiq)resenting 
signals and inphase and out-of*phase voltage representing signals of other persons. 

19. The system of claim 15 further comprising a blood flow restriction 
device for restricting flow of blood in the body portion, thereby allowing blood 
volume in the body portion to change between at least a first and a second volume; 
and in which the processing, sensing, and q>plication circuitry pxxxluces current 
indicating signals and voltage indicating signals for at least the first and second 
volumes. 

20. The system of claim IS in which the processing, sensing, and 
application circuitry includes two outer electrodes and two inner electrodes applied 
to the body portion of the patirat, and the current signals are applied through the 
two outer electrodes and the voltage signals are sensed through the two inner 
electrodes* 

21 . The system of daim IS in which the processing, sensing, and 
application circuitry includes two outer electrodes and two inner electrodes applied 
to the body portion of the patient, and the current signals are sqpplied through the 
two inner electrodes and the voltage signals are sensed through the two outer 
electrodes. 

22. The system of claim 15 in which the out-of-phase signals are 
quadrature signals with respect to the alternating signals. 

23. A system for noninvasive determination of hematocrit of whole blood 
in a body portion of a patient, the system comprising: 

signal generation means for producing alternating and quadrature signals at 
various frequencies; 

processing, sensing, and application means for providing current signals 
through the body portion in response to the alt^nating signals, and sensing the 
current signals being applied and producing current indicating signals in response 
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thereto, and srasing voltage signals over a section of the body portion and 
producing voltage indicating signals in lesponse thereto; and 

processing and demodulation means for receiving and mixing the current 
indicating signals and the alternating and quadrature signals to produce inphase and 
5 quadrature current rqpres»ting signals, and receiving and mixing the voltage 

indicating signals and the alternating and quadrature signals to produce inphase and 
quadrature voltage representing signals; and 

evaluation means for receiving and processing the inphase and quadrature 
current rq>resenting signals and inphase and quadrature voltage rqpresenting signals 
10 to determine the hematocrit. 

24. The system of claim 23 in which the evaluation means includes a 
neural networic in which parameters of the processed inphase and quadrature current 
representing signals and inphase and quadrature voltage rq)resenting signals are 

15 included in a comparison with pre-gathered data to determine the hematocrit. 

25. The system of claim 24 in which parameters regarding the patient are 
also included in the comparison. 

20 26. The system of claim 24 in which the pre-gathered data includes 

parameters regarding processed inphase and quadrature current representing signals 
and inphase and quadrature voltage representing signals of other persons. 

27. The system of claim 23 further comprising a blood flow restriction 
25 means for restricting flow of blood in the body portion, thereby allowing blood 

volume in the body portion to change between at least a flrst and a second volume; 
and in which the processing, sensing, and application means produces current 
indicating signals and voltage indicating signals for at least the flrst and second 
volumes. 

30 

28. A method for nonmvasive detennination of hematocrit of whole blood 
in a body portion of a patient, the system comprising: 
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injecting alternating current signals having various frequencies into the body 
portion at different blood volumes, the injected alternating current signals being 
responsive to generated alternating signals having the various frequencies; 

providing cunrat indicating signals representative of the current signals 
S injected into the body portion; 

measuring voltage signals across a section of the body portion through which 
the current signals pass; 

providing voltage indicating signals rq)resentative of the measured voltage 
signals; 

10 mixing the current indicating signals with the generated alternating signals and 

with quadrature signals to produce inphase and quadrature current representative 
signals; 

mixing the voltage indicating signals with the generated alternating signals and 
with quadrature signals to produce inphase and quadrature voltage rq)resentative 
IS signals; and 

d^rmining the hematocrit by considering parameters of the inphase and 
quadrature current representative signals and the inphase and quadrature voltage 
rq)res»tative signals. 



20 29. The method of claim 28 in which the step of determining the 

hematocrit includes employing a neural network in which parameters of the 
processed inphase and quadrature current rq)resenting signals and inphase and 
quadrature voltage rq)resenting signals are included in a comparison with pre- 
gathered data to determine the hematocrit. 

25 

30. A system for developing a group of data with which a hmiatocrit of 
whole blood of a particular patient may be determined, the system comprising: 

signal generation circuitry that produces alternating and quadrature signals at 
various frequencies; 

30 processing, sensing, and a^lication circuitry that provides current signals 

through a body portion of numerous patirats in response to the alternating signals, 
and that senses the currmt signals being applied and produces current indicating 
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signals in response thereto, and that senses voltage signals over a section of the 
body portion and produces voltage indicating signals in response thereto; and 

processing and demodulation circuitry that receives and mixes the current 
indicating signals and the alternating and quadrature signals to produce inphase and 
5 quadrature current rq>resenting signals, and receives and mixes the voltage 

indicating signals and the alternating and quadrature signals to produce inphase and 
quadrature voltage rq>resenting signals; and 

evaluation circuitry that receives and processes the inphase and quadrature 
current representing signals and inphase and quadrature voltage representing signals 
10 and compares parameters of the iiq>hase and quadrature current representing signals 
and inphase and quadrature voltage rq)resenting signals with various pre-gathered 
data to produce the group of data. 

31 . An apparatus for noninvasive determination of the relative 
IS volume percent of erythrocytes, also termed the hematocrit, of whole blood having 
an impedance, comprising: 
means for producing a constant current at a first low and at least one second high 
carrier wave frequencies, said first low frequency being bdow a ftequency 
zone within which said erythrocytes significantiy affect the magnitude of the 
20 impedance of said whole blood, and said at least one second high frequency 

being within said frequency zone; 
means for stimulating a patient body portion including at least one pulsatile vascular 
compartment containing said whole blood with said first low and said at least 
one second high frequracy current; 
25 means for sensing voltage signals at each of said first low and said at least one 
second high carrier wave frequencies across said stimulated patient body 
portion; 

means for amplifying said sensed voltage signals; 

means for demodulating said amplified, sensed voltage signals to produce at least two 
30 complex waveforms respectively proportional to the magnitude of impedance 

of said whole blood at said first low and said at least one second high carrier 
wave frequencies; and 
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means for processing said complex wavefonns to detennine said hematocrit of said 
whole blood. 

32. The a9)paratus of claim 1 , wheiein said means for producing a constant 
5 current at said first low and said at least one second high carrier wave frequencies 
comprises a signal generator in combination with a constant current amplifier, and 
said means for processing determines said first low and said at least one second 
high carrier wave fiequencies. 

10 33, The sqjpaiatus of claim 32, wherein said signal generator includes a 

first and a second adder paired respectively with a first and a second sine/cosine 
look-up table, to produce each of said first low and said at least one second high 
carrier wave frequencies. 

15 34. The ^iparatus of claim 33, wherein said first and second look-up tables 

each produce a sine ouQiut, and said signal graerator further includes a third adder 
for summing said outputs and an analog-to-digital converter for converting said 
summed sine ou^uts to the digital domain for receipt by said constant current 
amplifier. 

20 

35. Tlie apparatus of claim 32, wherein said signal generator generates a 
voltage waveform for conversion by said constant current amplifier to a constant 
current source. 

25 36. The apparatus of claim 31, wherein said means for amplifying 

comprises a voltage detector. 

37. The apparatus of claim 36, wherein said voltage detector comprises an 
instrumentation amplifier with common mode rejection. 

30 



38. The zppmtas of claim 31, wherein said means for demodulating 
comprises a signal generator and demodulator. 
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39. The ^jparatus of claim 38, wherein said signal generator includes a 
first and a second adder paired, respectively, with a first and a second sine/cosine 
look-up table, to produce each of said first low and said at least one second high 
carrier wave frequencies. 

5 

40. The apparatus of claim 38, wherein said signal demodulator includes a 
paired low*pass filter and an analog-to-digital converter for receiving said amplified 
voltage signals. 

10 41. The apparatus of claim 40, wherein said signal demodulator further 

includes a first, second, third and fourth mixer paired, respectively, with a first, 
second, third and fourth digital low-pass filter, each of said mixer/filter pairs 
receiving the output of said paired low-pass filter and analog-to-digital converter and 
one of a first sine ou^t or a first cosine output from said first look-up table or a 

IS second sine output or a second cosine ouQNit from said second look-up table, said 
paired mixers and digital low-pass filters outputting said two complex waveforms. 

42. The SQ)paratus of claim 31, wherein said first low carrier wave 
frequency lies at about 100 kHz, and said at least one second high carrier wave 

20 frequency lies within the range from about 10 MHz to about 20 MHz. 

43. The apparatus of claim 31, further comprising means for selectively 
occluding said pulsatile vascular compartment. 

25 44. The apparatus of claim 43, wherein said selective occlusion comprises 

partial occlusion. 

45. The apparatus of claim 44, wherein said selective occlusion comprises 
substantially total occlusion. 

30 

46. The apparatus of claim 43, wherein said means for selectively 
occluding comprises an inflatable cuff surrounding said patient body portion. 
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47. The apparatus of claim 46, wherein said selective occlusion is 
perfonned by pressurizing said cuff in the region of the mean pressure of said 
pulsatile vascular compartment. 

5 48. The apparatus of claim 43, wherein said means for selectively 

occluding is located on said patient body portion proximate said means for 
stimulating and said means for sensing. 

49. The apparatus of claim 43, wherein said means for selectively 
10 occluding is controlled by said means for processing. 



SO. The iqiparatus of claim 31, wherein said patient body portion further 
includes at least one non*puIsatile vascular compartment, and said sqjparatus further 
includes means for selectively occluding said at least one non-pulsatile vascular 
IS compartment while said at least one pulsatile vascular compartment remains 
unocciuded. 



51 . The iqjparatus of claim SO, wherein said means for selectively 
occluding comprises an inflatable cuff surrounding said patient body portion. 

20 

52. The aiqsaratus of claim 50, wherein said means for selectively 
occluding is controlled by said means for processing. 

53. The apparatus of claim 31, further comprising means for compensating 
25 for non-homogeneous flow of said whole blood through said pulsatile vascular 

compartment in detennining said hematocrit of said whole blood. 



54. The apparatus of claim 31, further comprising means for determining 
blood pressure of said whole blood in said pulsatile vascular compartment. 

30 

55. The apparatus of claim 54, whmin said means for determining said 
blood pressure includes means for selectively occluding said pulsatile vascular 
compartment. 
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56. The apparatus of claim SS, wherein said means for selectively 
occluding said pulsatile vascular compaxtment is controlled by said means for 
processing to completely occlude said vascular compartment, and to subsequently 
reduce said complete occlusion by a degree sufficient to induce the appearance of a 
5 plethysmographic wavefonn signal at said means for sensing, to further reduce said 
occlusion by a degree sufficient to maximize the int^ity of said plethysmographic 
wavefonn signal, and to still iiirther reduce said occlusion until said 
plethysmographic waveform undergoes no further change. 

10 57. The apparatus of claim 56, wherein said appearance of said 

plethysmographic waveform is indicative of systolic pressure of said pulsatile 
vascular compartment, said maximum signal intensity of said plethysmographic 
signal is indicative of mean pressure of said pulsatile vascular compartment, and 
said point at which said plethysmogr^hic waveform ceases to change is indicative 

IS of diastolic pressure of said pulsatile vascular compartment. 

58. The apparatus of claim 57, wherein said means for selectively 
occluding comprises a cuff disposed about said patient body portion and inflatable to 
a pressure sufficient to occlude said pulsatile vascular compartment, and said 
20 indication of said systolic, mean and diastolic pressure of said pulsatile vascular 

compartment is correlated to the actual systolic, mean arui diastolic pressures of said 
vascular compartment by pressure transducer means associated with said cuff, the 
output of which is converted by said processing means to said actual pressures. 

25 59. The apparatus of claim 31 , wherein said means for 

producing a constant current comprises means for producing said current at a 
plurality of said second high carrier wave frequencies. 

60. The apparatus of claim 31 , wherein said means for processing said 
30 complex waveforms raiploys the magnitudes thereof to determine said hematocrit of 
said whole blood. 
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61. The apparatus of claim 31, wherein said means for processing said 
complex waveforms miploys the magnitudes and phases thereof to determine said 
hematocrit of said whole blood. 

5 62. The apparatus of claim 31, wherein said first low carrier wave 

frequency lies al about 100 kHz, and said at least one second high carrier wave 
frequency lies between 100 kHz and about 10 MHz. 

63. A method for noninvasive determination of the relative volume percent 
10 of eiythrocytes, also termed the hematocrit, of whole blood having an impedance, 
comprising: 

producing a constant current at a first low and at least one second high carrier wave 
frequencies, said first low frequency being bdow a frequency zone within 
which said erythrocytes significantly affect the magnitude of the impedance of 
IS said whole blood, and said at least one second high ftequmcy being within 

said frequmcy zone; 
stimulating a patient body poition including at least one pulsatile vascular 

compartment containing said whole blood with said first low and said at least 
one second high ftequ»cy current; 
20 sensing voltage signals at each of said first low and said at least one second high 
earner wave frequencies across said stimulated patimt body poition; 
amplifying said sensed voltage signals; 

demodulating said amplified, sensed voltage signals to produce at least two complex 
waveforms respectively propoitional to the magnitude of impedance of said 
25 whole blood at said first low and said at least one second high carrier wave 

frequencies; and 

processing said complex wavefoims to determine said hematocrit of said whole 
blood. 



30 64. The apparatus of claim 63, fiiither comprises producing said current at 

a plurality of said second high carrier wave frequencies. 
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65. The method of claim 63, wherein pnx:essing said complex wavefonns 
employs the magnitudes thereof to det^mine said hematocrit of said whole blood. 

66. The method of claim 63, wherrin processing said complex wavefonns 
5 employs the magnitudes and phases thereof to detennine said hematocrit of said 

whole blood. 

67. The apparatus of claim 63, wherein said first low carrier wave 
ftequency lies at about 100 kHz, and said at least one second high carrier wave 

10 frequency lies within the range from about 10 MHz to about 20 MHz. 

68. The method of claim 63, wherein said first low carrier wave frequency 
lies at about 100 kHz, and said at least one second high carrier wave frequency lies 
between 100 kHz and about 10 MHz. 

15 

69. The method of claim 63, Airther comprising selectively occluding said 
pulsatile vascular compaitmrat. 

70. The method of claim 69, wherein said selective occlusion comprises 
20 partial occlusion. 

71. The method of claim 69, wherein said selective occlusion comprises 
substantially total occlusion. 

25 72. The method of claim 69, wherein said selective occlusion is effected by 

applying pressure about said pulsatile vascular compartment in the region of the 
mean pressure of said pulsatile vascular compaitment. 

73. The method of claim 69, wherein said selective occlusion is effected on 
30 said patient body portion proximate locations thereon wherein said stimulating and 
said sensing are performed. 
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74, The method of claim 63, wheiein said patient body poition fiiither 
includes at least one non-pulsatile vascular compartment, and said method further 
includes selectively occluding said at least one non-pulsatile vascular compaitment 
while said at least one pulsatile vascular compaitment remains unoccluded. 

5 

75. The method of claim 63, fuither comprising compensating for 
non-homogeneous flow of said whole blood through said pulsatile vascular 
compaitment in determining said hematocrit of said whole blood. 

10 76. The method of claim 63, further comprising determining blood 

pressure of said whole blood in said pulsatile vascular compartment. 

77. The method of claim 76, wherein said determining said blood pressure 
includes selectively occluding said pulsatile vascular compartment. 

15 

78. The method of claim 77, wherein said selective occlusion of said 
pulsatUe vascular compaitmrat for determination of blood pressure includes 
completely occludmg said vascular compartment, subsequently reducing said 
complete occlusion by a degree sufficient to induce the appearance of a 

20 pl^ysmographic waveform signal, to further reduce said occlusion by a degree 
sufficient to maximize the intensity of said plethysmographic waveform signal, and 
to still further reduce said occlusion until said plethysmographic waveform 
undergoes no further change. 

25 79. The apparatus of claim 78, wherein said aiq^earance of said 

plethysmographic waveform is indicative of systolic pressure of said pulsatile 
vascular compartment, said maximum signal intensity of said plethysmographic 
signal is indicative of mean pressure of said pulsatile vascular compaitment, and 
said point at which said plethysmographic waveform ceases to change is indicative 

30 of diastolic pressure of said pulsatile vascular compartment. 

80. The method of claim 79, further including selectively occluding using a 
cuff disposed about said patient body portion and inflatable to a pressure sufficient 
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to occlude said pulsatile vascular compaitment, and said indication of said systolic, 
mean and diastolic pressure of said pulsatile vascular compaitment is correlated to 
the actual systolic, mean and diastolic pressures of said vascular compaitment by 
pressure transducer means associated with said cuff, the ou^t of which is 
S processed to said actual pressures. 

81 . An apparatus for determining blood pressure in a pulsatile vascular 
compaitment of a patient body portion containing whole blood, comprising: 
means for producing a constant current at a carrier wave tequency; 

10 means for stimulating said patient body portion including said pulsatile vascular 
compaitment containing said whole blood with said constant current; 
means for sensing a voltage signal at said carrier wave frequency across said 

stimulated patient body portion; 
means for amplifying said sensed voltage signal; 
IS means for demodulating said amplified, srased voltage signal to produce a 
plethysmognq>hic waveform signal; 
means for sensing the existence, magnitude and shape of said plethysmogn^hic 
waveform signal; 

means for selectively occluding said pulsatile vascular compaitment to completely 
20 occlude said vascular compaitmrat and suppress said plethysmographic 

waveform signal, to subsequently reduce said complete occlusion by a degree 
sufficient to induce the appearance of said plethysmographic waveform signal, 
to further reduce said occlusion by a degree sufficient to maximize the 
intensity of said plethysmographic waveform signal, and to still further reduce 
25 said occlusion until said plethysmographic waveform undergoes no fuither 

change. 

82. The apparatus of claim 81, wherein said appearance of said 
plethysmographic waveform is indicative of systolic pressure of said pulsatile 

30 vascular compartment, said maximum signal intensity of said plethysmographic 
signal is indicative of mean pressure of said pulsatile vascular compartment, and 
said point at which said plethysmographic waveform ceases to change is indicative 
of diastolic pressure of said pulsatile vascnilar compartment. 
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83. The apparatus of claim 82, wheidn said means for selectively 
occluding comprises a cuff diq)osed about said patirat body portion and inflatable to 
a pressure sufficient to occlude said pulsatile vascular compartment, and said 
indication of said systolic, mean and diastolic pressure of said pulsatile vascular 

5 compartment is correlated to the actual systolic, mean and diastolic pressures of said 
vascular compartment by pressure transducer means associated with said cuff. 

84. A method of compensating for non-homograeous blood flow in a 
pulsatile vascular compartment of a patient body portion to enhance the accuracy of 

10 detection of a blood-related parameter at said patient body portion, comprising: 
occluding said pulsatile vascular compartment during at least a portion of the caidiac 
cycle of said patient while detecting said blood-related panuneter. 

85. The method of claim 84, wherein said occlusion further comprises 
15 application of pressure to said pulsatile vascular compartment in the region of the 

mean pressure thereof. 

86. A method of compensating for non-homogmeous blood flow in a 
pulsatile vascular compartment of a patient body portion to rahance the accuracy of 

20 detection of a blood-related parameter at said patient body portion, said patioit body 
portion also including a non-pulsatile vascular compartmrat, said m^od 
comprising: 

applying pressure to said patient body portion sufifident to occlude said non-pulsatile 
vascular compartment while pennitting blood flow through said pulsatile 
25 vascular compartment and detecting said blood-related parameter. 
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